Objectives: In diet-induced obesity, it is not clear whether impaired glucose metabolism is caused directly by the diet, or indirectly via obesity. This study examined the effects of different free-choice, high-caloric, obesity-inducing diets on glucose metabolism. In these free-choice diets, saturated fat and/or a 30% sugar solution are provided in an addition to normal chow pellets. Method: In the first experiment, male rats received a free-choice high-fat high-sugar (HFHS), free-choice high-fat (HF) or a chow diet. In a second experiment, male rats received a free-choice high-sugar (HS) diet or chow diet. For both experiments, after weeks 1 and 4, an intravenous glucose tolerance test was performed. Results: Both the HFHS and HF diets resulted in obesity with comparable plasma concentrations of free fatty acids. Interestingly, the HF diet did not affect glucose metabolism, whereas the HFHS diet resulted in hyperglycemia, hyperinsulinemia and in glucose intolerance because of a diminished insulin response. Moreover, adiposity in rats on the HF diet correlated positively with the insulin response to the glucose load, whereas adiposity in rats on the HFHS diet showed a negative correlation. In addition, total caloric intake did not explain differences in glucose tolerance. To test whether sugar itself was crucial, we next performed a similar experiment in rats on the HS diet. Rats consumed three times as much sugar when compared with rats on the HFHS diet, which resulted in obesity with basal hyperinsulinemia. Glucose tolerance, however, was not affected. Conclusion: Together, these results suggest that not only obesity or total caloric intake, but the diet content also is crucial for the glucose intolerance that we observed in rats on the HFHS diet.
Introduction
The worldwide prevalence of obesity is increasing dramatically. Obesity is associated with insulin resistance, dyslipidemia and hypertension. This combination of symptoms, referred to as metabolic syndrome, increases the risk of developing type 2 diabetes mellitus. 1 The consumption of sugar-sweetened beverages and saturated fat has been linked to risks for obesity and diabetes. In recent decades, the intake of sugar-sweetened beverages has clearly increased around the world, 2 and from a recent survey among children, consumption of both sugar-sweetened beverages and saturated fat (especially from snack foods) exceed recommended daily levels. 3 It is, therefore, important to understand how consumption of dietary fat and sugar (in solution) contributes to the development of obesity and type 2 diabetes mellitus. Several rodent models of obesity and insulin resistance have been used to study the role of diet composition in the development of obesity and insulin resistance. Rats that are fed diets with added saturated fat and/or sugar for a prolonged period of time develop obesity and insulin resistance. [4] [5] [6] In rodents on a high-fat diet, insulin resistance is followed by an insufficient compensation of the b-cell, resulting in glucose intolerance. 7, 8 The obesity in these models is characterized by elevated concentrations of circulating lipids, and it has been suggested that increased circulating concentrations of free fatty acids (FFAs) and triglycerides mediate the development of insulin resistance and glucose intolerance. [9] [10] [11] On the other hand, it has been proposed that alterations in the brain and its projections to the autonomic nervous system (ANS) could have an important role in diet-induced alterations in glucose metabolism. For example, Cruciani-Gluglielmacci 12 showed that a lard-based high-fat diet in young Wistar rats resulted in rapid changes in insulin secretion and action. These changes were not explained by changes in the levels of plasma lipids, but instead explained by changes in the sympathetic tone, and changes in norepinephrine turnover in the hypothalamus, an area in the brain important for the regulation of glucose metabolism. Furthermore, Levin 13 showed reduced norepinephrine turnover in the brains of rats that were prone to develop obesity before any changes in body weight. Thus, changes in the hypothalamus could be an important mediator of dietinduced alterations in glucose metabolism in addition to the known effects of increased concentrations of plasma lipids. Recently, we showed that rats consuming a diet consisting of a choice between saturated fat, a 30% sugar solution or regular pellet chow (a free-choice high-fat high-sugar (HFHS) diet) become rapidly obese and, within a week, show increased plasma glucose concentrations (without changes in insulin), suggesting the development of glucose intolerance and insulin resistance. 14 Moreover, rats on the HFHS diet showed alterations in the level of the hypothalamus. We observed that within the arcuate nucleus of the hypothalamus, the expression of neuropeptide Y increased and that of proopiomelanocortin decreased when rats were fed a free-choice HFHS diet. 15 Because neuropeptide Y and proopiomelanocortin are known to regulate glucose metabolism, 16, 17 we hypothesized that the HFHS diet would result in glucose intolerance. Interestingly, rats on a free-choice highfat (HF) diet or on a free-choice high-sugar (HS) diet also developed obesity. However, at the level of the hypothalamus, changes were either opposite to that seen for rats on a freechoice HFHS diet (in rats on HF diet) or not present (in rats on HS diet). 15 Therefore, we hypothesize that although rats on all different choice diets become obese, only rats on a free-choice HFHS-choice diet become glucose intolerant.
To investigate this hypothesis, we again subjected rats to the different free-choice diets, that is, HFHS, HF, HS or regular chow. First, we compared intravenous glucose tolerance in rats on a free-choice HFHS diet, on HF diet or chow only. Because rats on HFHS diet showed clear glucose intolerance, whereas rats on HF diet did not, we investigated whether the consumption of the sugar solution explained the differences between HFHSand HF diets, and measured glucose tolerance in rats on the HS diet as well.
Materials and methods
Male rats (Wistar; Charles River, Sulzfeld, Germany) were individually housed in Plexiglas cages in a temperaturecontrolled (21-23 1C) and light-controlled (lights on between 0700 and 1900 h) room. Rats were allowed to adapt to their new environment for at least 5 days. All rats had ad libitum access to pelleted rat chow (Special Diet Service (SDS), Essex, UK) and tap water. All experiments were approved by the Committee for Animal Experimentation of the University Medical Center Utrecht, The Netherlands.
Experimental design
All rats were implanted with intra-arterial silicone catheters through the right jugular vein, according to the method of Steffens, 18 when they had reached a body weight of 4300 g. Experiment 1. At 2 weeks after surgery, rats (n ¼ 6 per group) were switched to (1) a free-choice HFHS diet: a dish of saturated fat (beef tallow (Ossewit/Blanc de Boeuf), Vandermoortele, Belgium) and a bottle of 30% sugar water (1.0 M sucrose mixed from commercial grade sugar and water) were present in the cage, in addition to their standard pellet chow and water bottle, or (2) a free-choice HF diet: a dish of saturated fat was present in the cage in addition to standard pellet chow and water bottle or (3) only standard pellet chow and water.
Experiment 2. Rats (n ¼ 5 per group) were switched to (1) a free-choice HS diet: a bottle of 30% sugar water was present in the cage, in addition to their standard pellet chow and water bottle or (2) only standard pellet chow and water.
For both experiments. Animals were weighted and food was measured 5 days per week over the first 2 weeks, and thereafter twice a week. Food and water were refreshed twice a week. An intravenous glucose tolerance test was performed at 1 week and at 4 weeks after the start of the different diets: animals were permanently connected to the blood-sampling catheter, which was attached to a metal collar and kept out of reach of the rats using a counterbalanced beam. This allowed all manipulations to be performed outside the cages without handling the animals. On the day of an experiment, rats were fasted for 9 h (from lights on at 0700 h) before the glucose infusion. At 1600 h in the afternoon, a glucose solution (1000 mg kg -1 body wt (in max 0.5 ml saline)) was injected as a bolus via the jugular vein catheter. A blood sample (0.2 ml) was collected (t ¼ 0), immediately followed by the glucose injection. Subsequently, blood samples (0.2 ml) were taken at 5, 15, 10, 20, 30 and 60 min. Samples were used to determine plasma concentrations of glucose and insulin at these time points. The total amount of glucose in plasma and the total amount of insulin released after a glucose bolus injection was calculated from the area under the curve (AUC) of every individual rat and averaged for the experimental groups. Two days after the last sampling day at week 4, all rats were killed between 0900 and 1000 h by decapitation within 10 s after they had been taken from their home cages. Trunk blood was collected to measure plasma leptin and FFA 
Analytical methods
Blood samples were immediately chilled on ice and centrifuged at 4 1C. The plasma was then stored at À20 1C until further analysis. Plasma glucose concentrations were determined using a Glucose/GOD-Perid method (Boehringer Mannheim, Mannheim, Germany). Plasma immunoreactive concentrations of leptin and insulin were determined using a radioimmunoassay kit (Linco Research, St Charles, MI, USA); samples were assayed in duplicate. As described in the procedures of the assay, the amounts of sample, standards, label, antibody and precipitating reagent were divided by four. Plasma FFA was measured in triplicate using an Acyl-CoA synthetase-acyl-CoA oxidase method (FFA; Roche Diagnostics, Penzberg, Germany).
Statistical analysis
For differences in caloric intake and body weight gain, repeated measures analysis of variance with multiple groups were performed to determine effects over time and of diet (chow, HF and HFHS or chow and HS) and interaction effects (time Â diet). If significant effects were detected, post hoc analysis was performed to detect individual group differences (Tukey), and individual differences at time points (paired t-tests with Bonferonni correction). For fat mass, substrate and hormone measures, and measures from the glucose tolerance tests, analyses of variance were performed for overall effects between groups, and if significant, post hoc tests for individual group differences were performed (Tukey). For chow vs HS effects, t-tests were used for detecting differences. Po0.05 was considered significant.
Results
Free-choice HF and HFHS diets Energy balance. Over the first week, both rats on HF and HFHS diets showed increased caloric intake compared with rats on the chow diet ( Figure 1 ). Rats on HFHS diet maintained this high caloric intake for the remainder of the study, whereas rats on HF diet decreased caloric intake to chow levels ( Figure 1a ). Figures 1b-d show the intake of the different foods that were presented to the rats. No differences in chow intake were observed between rats on HFHS and HF diets. Both rats on HFHS and HF diets consumed significantly less chow (consuming B50 kcal day -1 from the chow source) compared with the rats on the chow diet only (B75 kcal day -1 ). The overall intake of saturated fat in rats on HF and HFHS diets was not significantly different. There was, however, a small but significant decrease over time for saturated fat intake in rats on HF diet, but not in rats on Dietary fat, sugar and glucose metabolism SE la Fleur et al HFHS diet (Figure 1c ). Intake of the sugar solution in rats on HFHS diet was constant over time ( Figure 1d ). Rats on HFHS diet gained more body weight ( Figure 2a ) and accumulated more fat mass over 4 weeks, compared with rats on HF diet or on a chow diet (Figures 2b and c) . Plasma concentrations of leptin and FFAs were increased significantly in rats on HFHS and HF diets compared with rats on a chow diet (Figures 2d and e ). There were no significant differences in plasma concentrations of leptin and FFAs between rats on HFHS and HF diets (Figures 2d and e) . Details on statistics for data presented in Figures 1 and 2 are provided in Supplementary Table 1 .
Glucose tolerance. After 1 week on the diet, an intravenous glucose tolerance test was performed. After a 9-h fasting period, basal plasma glucose concentrations were significantly increased in rats on HFHS diet compared with those on HF diet or on a chow diet (Table 1) . Basal plasma insulin concentrations tended to be increased in rats on HFHS diet compared with the rats on a chow diet, but were not different from rats on HF diet (Table 1) . Furthermore, glucose tolerance was impaired in rats on the HFHS-choice diet compared with rats on HF diet or on a chow diet. The amount of glucose in the circulation calculated after the 1 g kg -1 glucose bolus, that is, the AUC, was significantly higher in rats on HFHS diet compared with that in rats on HF diet or on a chow diet. The insulin response to the glucose bolus was comparable between rats on HFHS, HF and chow diets, that is, the AUC was not significantly different ( Table 1) time (days) body weight gain (g) Figure 2 (a) Body weight gain over 4 weeks in rats on chow, HF or HFHS diets (n ¼ 6 for all groups). Rats on HFHS diet gained more weight compared with rats on chow or HF diets. Open circles: rats on chow; gray squares: rats on HF diet; black circles: rats on HFHS diet. Data are mean ± s.e.m. After repeated measures analysis of variance (ANOVA) revealed significant effects of Time and Time Â Diet. *Po0.05. Details on statistics are given in Supplementary Data 1. Absolute body weight at the beginning of diet switch was: chow: 352 ± 5 g, HF: 355 ± 6 g and HFHS: 347 ± 8 g, and at the end was: chow: 421 ± 5 g, HF: 430 ± 12 g, and HFHS: 443 ± 9g. (b) Total fat stores (mesenteric-omental, epididymal, perirenal and subcutaneous (inguinal)), (c) total fat stores corrected for body weight, and plasma concentrations of (d) leptin and (e) free fatty acid in rats on chow, HF and HFHS diets. Data are mean±s.e.m. White bars: rats on chow; striped bars: rats on HF diet; and black bars: rats on HFHS diet. Different letters represent significant differences between bars (Po0.05) after ANOVA indicated a significant effect of Groups (Po0.05). Details on statistics are given in Supplementary Data 1.
Dietary fat, sugar and glucose metabolism SE la Fleur et al respond to the glucose challenge, we calculated insulin secretion over the first 5 min after injection per glucose unit (I/G 0-5 : the difference between the insulin concentrations at 5 and 0 min (DI5-0) divided by the difference between the glucose concentrations at the same time (DG5-0)). The I/G 0-5 was not different between the groups (Table 1) . Another glucose tolerance test was performed at 4 weeks. After 9 h of fasting during the light period, we observed increased basal plasma concentrations of glucose in rats on HFHS diet compared with rats on HF diet or on a chow diet; concentrations between rats on HF and on a chow diet did not differ (Figure 3a) . Overall analysis revealed a trend toward differences in basal plasma insulin concentrations between rats on HFHS, HF and chow diets. The post hoc analysis revealed a significant difference between basal insulin concentrations in rats on HFHS diet compared with rats on HF diet, and a trend towards a difference in plasma insulin concentrations in rats on HFHS and on chow diets (a detailed description of statistics are given in Supplementary Data). Plasma insulin concentrations in rats on HF diet were not different compared with rats on a chow diet (Figure 3b) .
Although rats on HF diet for 4 weeks consumed a considerable amount of saturated fat and became obese, glucose tolerance was not affected (Figure 3c ). On the other hand, like we observed at 1 week, glucose tolerance again was reduced in rats on HFHS diet for 4 weeks, compared with rats on chow or HF diets. Plasma glucose concentrations were significantly increased 5 min after the injection of the glucose bolus when compared with the glucose concentrations in rats on HF and chow diets (Figure 3c ). At 10 and Table 1 Glucose tolerance in rats on chow, HF and HFHS diets after 1 week on the diet Dietary fat, sugar and glucose metabolism SE la Fleur et al 15 min, plasma glucose concentrations were still elevated compared with those in rats on a chow diet (but not when compared with the glucose concentrations in rats on HF diet). Again, as was observed after 1 week, the AUC for glucose was significantly higher in rats on HFHS diet compared with the AUC for glucose in rats on HF and chow diets (Figure 3e ). There was also a significant difference (using a repeated measures analysis of variance comparing all groups) in the insulin response to the glucose load over time between the rats on chow, HF or HFHS diets (Figure 3d , see statistical details in Supplementary Data). The post hoc analysis revealed a significant difference between the rats on HF and HFHS diets. Furthermore, overall comparison of the AUC for insulin revealed a trend toward differences between the three diet groups (Figure 3f) . The post hoc analysis showed that the AUC for insulin after a glucose load tended to be higher in rats on HF diet compared with rats on HFHS diet (Figure 3f) . Interestingly, the ability of the b-cell to respond to the glucose bolus was clearly different between the groups. The analysis of insulin secretion over the first 5 min after the glucose bolus indicated that the early insulin release to the glucose challenge was diminished in rats on HFHS-choice diet for 4 weeks compared with rats on a chow diet and compared with rats on HF diet (Figure 4a ). No differences in insulin secretion to a glucose load were detected between rats on HF and chow diets (Figure 4a) .
Thus, although both groups of rats become obese with comparable plasma levels of FFA and leptin (Figures 2d and e) , only rats on HFHS diet show glucose intolerance. However, there were differences in total amounts of fat mass after 4 weeks between the groups (Figure 2b) . Therefore, we correlated the amount of total fat mass with the insulin response to a glucose load, that is, the I/G 0-5, and with the initial rise in plasma insulin concentrations over the first 5 min (I 0-5 ). In rats on HF diet, the insulin response correlated positively with the amount of fat mass, whereas in rats on HFHS diet, this correlation was negative (Figures 4b and c) . In addition, rats with similar amounts of white adipose tissue released more insulin when on the HF diet than on the HFHS diet. We also correlated the insulin response to the amount of calories consumed; however, this only revealed a significant positive correlation for insulin increases over the first 5 min after the glucose load in rats on HF diet ( Figure 6 ).
Free-choice HS diet
Caloric intake over the total period of the experiment was significantly increased in rats on HS diet compared with rats on a chow diet. However, more detailed analyses by week detected only a trend for weeks 1 and 4 ( Figure 5a ). Rats on HS diet consumed significantly less chow than rats on a chow diet only (Figure 5b ). Chow intake in rats on HS diet was stable over the course of the experiment (Figures 5b  and c) , whereas a significant effect of time was detected for sugar intake, although this was not reflected in differences between the separate weeks (Figure 5c ). Data are mean ± s.e.m.; *Po0.05 after analysis of variance (ANOVA) revealed a significant overall effect of Group. (b) For individual rats, absolute total adiposity per group was correlated with the insulin response to a glucose load (I/G t0-5 ). In rats on HF diet, this correlation was positive (R 2 ¼ 0.74; P ¼ 0.03), whereas in rats on HFHS diet this correlation was negative (R 2 ¼ 0.77; P ¼ 0.02). (c) For individual rats, absolute total adiposity was correlated with the insulin increments over the first 5 min after the glucose bolus. This correlation was positive for rats on chow diet (R 2 ¼ 0.63; P ¼ 0.06) and for rats on HF diet (R 2 ¼ 0.66; P ¼ 0.05) and negative for rats on HFHS diet (R 2 ¼ 0.69; P ¼ 0.04).
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The increase in caloric intake did not result in changes in body weight. There were no differences in body weight gain between rats on a chow diet or on HS diet (Figure 5d ). Although body weight gain was not affected by the HS diet, abdominal fat pads (absolute or corrected for body weight) were significantly heavier after 4 weeks (Figures 5e and f) . Furthermore, plasma concentrations of leptin and FFAs were also significantly increased (Figures 5g and h) .
At 1 week, an intravenous glucose tolerance test was performed. Basal plasma concentrations of glucose and insulin, and the glucose and insulin responses to the glucose load, were not different between rats on HS or chow diets (Table 2) . After 4 weeks, we observed an increase in basal plasma insulin concentrations; however, no differences in basal plasma glucose concentrations or in glucose and Total fat stores (mesenteric-omental, epididymal, perirenal and subcutaneous (inguinal)), (f) total fat stores corrected for body weight, and plasma concentrations of (g) leptin and (h) free fatty acid in rats on chow or HS diets. White bars: rats on chow; gray bars: rats on HS diet. Data are mean ± s.e.m.; *Po0.05. Dietary fat, sugar and glucose metabolism SE la Fleur et al insulin responses to a glucose load between rats on chow and HS diets were observed (Table 2) . No correlations were found between absolute fat mass and the insulin response (neither the I/G 0-5 nor the I 0-5 ), or between caloric intake and the insulin response in rats on HS diet (data not shown).
Discussion
It is well known that high-calorie diets result in obesity with elevated FFA concentrations and may result in insulin resistance and glucose intolerance. 7, 8, [19] [20] [21] [22] [23] It is, however, difficult to determine whether insulin resistance and glucose intolerance are directly due to dietary changes, or are indirectly due to the concomitant obesity.
In this study we present data that show that glucose tolerance is directly affected by the composition of the diet and not by obesity per se. Rats on both a free-choice HF diet and a free-choice HFHS diet became obese with similar plasma concentrations of FFAs, but only rats on a free-choice HFHS diet developed hyperglycemia, hyperinsulinemia, glucose intolerance and a diminished insulin response to a glucose load. Rats on a free-choice HFHS diet that showed similar levels of adiposity as rats on free-choice HF diet released significantly less insulin to a glucose load. Thus, the change in adiposity, because of the diet, did not explain the difference in insulin responses to a glucose load between rats on HFHS and HF diets. Moreover, although a clear hyperinsulinemia and increased adiposity was observed in rats on HS diet for 4 weeks, plasma glucose concentrations and glucose tolerance were not different compared with rats on a chow diet, suggesting that sugar alone is not responsible for the observed glucose intolerance. Therefore, we conclude that the combination of consuming saturated fat and liquid sugar in our free-choice HFHS diet directly contributes to the changes in glucose metabolism and is independent of changes in adiposity or concentration of plasma FFA.
Several different mechanisms might underlie the changes in glucose metabolism because of a free-choice HFHS diet. In this study we show that obesity itself or the total amount of caloric intake does not explain the changes in glucose metabolism. As stated in the Introduction, elevated FFA plasma concentrations may mediate obesity effects on glucose metabolism. The brain and its projections to the ANS, however, could also have an important role in dietinduced insulin resistance and glucose intolerance. 12, 13 One of the changes in glucose metabolism in rats on HFHS diet is the change in the insulin response to a glucose load. It has been demonstrated that a defect in the acute insulin response, or the early insulin response, occurs early in the development of type 2 diabetes mellitus and it may contribute to the conversion from normal to impaired glucose tolerance and diabetes. 24 The early insulin response may well depend on the sensitivity of the pancreas for glucose. The pancreas is innervated by the ANS and it has been shown that the hypothalamus may regulate this sensitivity via this ANS innervation. [25] [26] [27] [28] The latter hypothesis is supported by our recent finding that centrally, neuropeptide Y and proopiomelanocortin mRNA expression in the arcuate nucleus were altered in HFHS-choice diet rats in such a direction that it promotes glucose intolerance and insulin resistance. 15 Neuropeptide Y-and proopiomelanocortinexpressing neurons in the arcuate nucleus affect glucose metabolism via their projections to (pre-autonomic) hypothalamic neurons that control the autonomic nervous input to various peripheral organs, such as the pancreas. 25 Thus, it could well be that alterations in the brain in rats on a freechoice HFHS diet are mediating the effects on glucose metabolism via the ANS. Another explanation for the reduced insulin response to a glucose load is an increased insulin clearance. However, obesity and elevated concentrations of FFA have been associated with decreased insulin clearance rather than increased insulin clearance, 11 and therefore it does not seem likely that the effects of a HFHS-choice diet on the insulin response to a glucose load are because of alterations in insulin clearance. In addition, we cannot exclude the possibility that alterations in glucose metabolism because of a HFHS-choice diet involve the 'toxic' effect of the combined increased levels of glucose and fatty acids on the pancreas (the so-called 'glucolipotoxicity' theory). 29 However, as the glucose elevations in HFHS-choice diet rats are much less than glucose concentrations necessary (twofold) to affect b-cell function, 30 it seems unlikely that the effect of the HFHS-choice diet involves glucolipotoxicity. Although rats on both HFHS and HF diets became obese, there were differences in feeding behavior and the absolute amount of fat mass between the groups that could affect glucose tolerance and insulin responsiveness. As we have previously shown, 15 rats on HFHS diet are hyperphagic, whereas those on HF diet are only temporarily hyperphagic, reducing their caloric intake after 1 week on the diet. In rats on HFHS diet, after only 1 week we observed hyperglycemia, glucose intolerance and a trend towards hyperinsulinemia (which may point to reduced insulin sensitivity), whereas in rats on HF diet, we did not observe changes in plasma concentrations of glucose and insulin or glucose tolerance at 1 week. As total caloric intake was not different between the two diet groups over the first week, it is unlikely that the total amount of calories mediates the diet-induced glucose intolerance in rats on HFHS diet. Furthermore, caloric intake over 4 weeks and fat mass after 4 weeks were different between the rats on HF and HFHS diets. The total caloric intake in all groups correlated positively with the amount of fat mass ( Figure 6 ). Furthermore, this fat mass showed a positive correlation with the glucose-induced insulin response in rats on HF diet, which corresponds to findings in obese subjects in which body fat mass correlates positively with glucose-stimulated insulin secretion. [31] [32] [33] However, in rats on HFHS diet, this correlation was negative; thus, the more obese, the less insulin was
Dietary fat, sugar and glucose metabolism SE la Fleur et al secreted after a glucose bolus. This suggests that a difference in total caloric intake or obesity between the groups does not explain the changes in glucose metabolism, and suggests that dietary composition, and not obesity, is involved in diet-induced glucose intolerance with diminished insulin secretion.
As the HF-choice diet did not result in glucose intolerance, whereas the HFHS-choice diet did, we examined whether sucrose could be the important factor. It has been shown by several studies that sucrose/fructose diets stimulate insulin release and result in insulin resistance. 5, 34, 35 Like others, we
showed that rats on a HS-choice diet for 4 weeks exhibited increased basal insulin concentrations, but did release enough insulin to a glucose load to keep glucose concentrations similar to that observed for controls. 35 Interestingly, other studies do suggest that glucose intolerance occurs in high sucrose-fed rats that are fed sucrose for a longer period of time. 36, 37 We have to note that the method of presenting our diets (using choice) is distinct from various studies in the literature (using synthetic dry diets), making comparison difficult. Early changes in glucose tolerance have been described for rats on a 40%-fat diet, 12 which is not in agreement with our results in rats on a free-choice HF diet. This could be because of the difference in how the diets were presented (that is, choice HF diet vs a synthetic HF diet); however, caloric intake was also much higher in rats on a synthetic HF diet compared with consumption in our study and rats were much younger when experiments began. In addition, several studies using a synthetic HFHS diet (composed of similar percentages for fat/sugar as rats on a free-choice HFHS diet choose) did find glucose intolerance and insulin resistance; however, a synthetic HFHS diet also increases adiposity and plasma FFA concentrations, 4 which makes it difficult to distinguish between effects of the diet and the obesity.
The early changes (that is, 1 week) in glucose tolerance have also been reported when mice were fed a 40%-fat diet; however, this diet was also low in protein (6%) 7 and this could have affected outcome. As only chow contains protein, a reduction in chow intake, as observed in our study, will reduce the protein amount, which could affect food intake and body weight. 38, 39 However, rats on the HF-choice diet and the HFHS-choice diet both reduced chow intake by 29%, and thus this does not explain the development of glucose intolerance in rats on a HFHS-choice diet. Furthermore, as the chow diet contains 22% protein, a reduction of B30% of this diet will still result in a sufficient amount of protein for healthy growth (that is, comparable to a 15% protein diet). 40, 41 In summary, the specific combination of a diet of saturated fat and a sugar solution, but not fat or sugar alone, results in rapid glucose intolerance and insulin unresponsiveness to a glucose load, which is not explained by levels of circulating lipids or fat mass accumulation. These data, together with previous data showing effects of a HFHS-choice diet on hypothalamic neuropeptide expression, 15 imply a role for the central nervous system in these diet-induced alterations in glucose metabolism, and in the early transition from glucose intolerance to type 2 diabetes mellitus. total caloric intake (kcal/d; over 4 wks) insulin increments (ng/ml) Figure 6 Correlation between total caloric intake (kcal) measured over 4 weeks with first 5 min insulin increases after the glucose load in rats on HFHS, HF and chow diets.
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